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ABSTRACT
The Pristine survey is a narrow-band, photometric survey focused around the wave-
length region of the Ca ii H & K absorption lines, designed to efficiently search for
extremely metal-poor stars. In this work, we use the first results of a medium-resolution
spectroscopic follow-up to refine the selection criteria for finding extremely metal-poor
stars ([Fe/H] ≤ −3.0) in the Pristine survey. We consider methods by which stars can
be selected from available broad-band and infrared photometry plus the additional
Pristine narrow-band photometry. The spectroscopic sample presented in this paper
consists of 205 stars in the magnitude range 14 < V < 18. Applying the photometric
selection criteria cuts the sample down to 149 stars, and from these we report a suc-
cess rate of 70% for finding stars with [Fe/H] ≤ −2.5 and 22% for finding stars with
[Fe/H] ≤ −3.0. These statistics compare favourably with other surveys that search
for extremely metal-poor stars, namely an improvement by a factor of ∼ 4 − 5 for
recovering stars with [Fe/H] ≤ −3.0. In addition, Pristine covers a fainter magnitude
range than its predecessors, and can thus probe deeper into the Galactic halo.
Key words: (cosmology:) dark ages, reionization, first stars – (cosmology:) early
Universe – (galaxies:) Local Group – Galaxy: formation – Galaxy:evolution – stars:
abundances
? This paper is based on photometric data obtained with CFHT
programs 15AC20, 15AF14, 15AF97, 16AC20, 16AC98, and
16AF14 and spectroscopic data from INT and WHT programs
C71 and N5 in semester 2016A.
† E-mail: kyouakim@aip.de
1 INTRODUCTION
During Big Bang nucleosynthesis, only the lightest elements
were produced in any significant quantity: mainly hydrogen,
helium, and trace amounts of lithium. Nearly all heavier ele-
ments were formed later in the interiors of stars and released
in their supernovae explosions, thereby enriching the metal
content of the Universe over time (Alpher, Bethe & Gamow
1948; Burbidge et al. 1957). The oldest stars that formed
c© 2017 The Authors
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in the early Universe from this pristine gas should therefore
be largely free from heavier elements due to their early time
of formation. Analysis of these metal-poor stars, their stel-
lar parameters, chemical abundances, dynamics, and spatial
distributions in the Galaxy can offer insight into the local
environments in which they formed, and thus help to invoke
constraints on our understanding of the first generation stars
that came before them and the Galaxy at early times (e.g.,
Freeman & Bland-Hawthorn 2002; Beers & Christlieb 2005;
Frebel & Norris 2015).
Such stars are rare among the overwhelming numbers
of more metal-rich populations in the Galaxy. From the Be-
sanc¸on model of the Galaxy (Robin et al. 2003), the expec-
tation is that in a high Galactic latitude field towards the
anti-centre direction ([l,b] = [0◦, 60◦]) and in the magnitude
range 14 < V < 18, only ∼ 1/2000 stars will be extremely
metal-poor (EMP), with a metal content less than 1/1000 of
the Sun ([Fe/H] ≤ −3). This ratio increases to ∼ 1/500 for
18 < V < 20, as this fainter magnitude range probes more
of the metal-poor halo rather than the metal-rich Galactic
disk. Although these are only projections, since this model
relies on assumptions about the EMP tail of the metallic-
ity distribution function, they emphasize that an efficient
pre-selection method is needed to find and study these very
rare stars. This is one of the principal goals of the Pristine
survey.
For stars close to the main sequence turnoff, broad-
band optical colours hold some metallicity information due
to line blanketing at blue wavelengths (Schwarzschild, Searle
& Howard 1955; Sandage & Eggen 1959; Wallerstein 1962;
Ivezic´ et al. 2008). However, this relation typically breaks
down at metallicities just below [Fe/H] = −2 (Starkenburg
et al. 2017a), which is the metallicity range of greatest in-
terest to study the oldest and most pristine star formation
environments. More recent work has shown that with good
u−band data, the SDSS photometric metallicities can be ex-
tended into the [Fe/H] ∼ −2.5 regime when a technique of
multiple fitting to calibrated isochrones is used (An et al.
2013, 2015). The Canada-France Imaging Survey (CFIS)
has also shown increased success in photometric metallicity
determination with their high quality u−band observations
(Ibata et al., 2017, subm.). Although these recent advances
have improved the capabilities of photometric metallicity
calibrations, they still do not provide information for the
EMP regime at [Fe/H] ≤ −3.
A recent study by Schlaufman & Casey (2014) im-
plemented a combination of optical and infrared broad-
band filters from the Wide-Field Infrared Survey Explorer
(WISE, Wright et al. 2010), the Two Micron All-Sky Sur-
vey (2MASS, Skrutskie et al. 2006), and the AAVSO Photo-
metric All-Sky Survey (APASS, Henden et al. 2009; Hen-
den & Munari 2014; Henden et al. 2015) to photometri-
cally identify EMP stars. Most of the selection power of this
method is based on the strong molecular absorption down to
[Fe/H] = −2 in the wavelength region covered by the WISE
W2 filter (4.6 µ), such that colour combinations with the
WISE W1 (3.4 µ) and the 2MASS J (1.2 µ) filters can ef-
fectively select metal-poor stars from photometry alone (see
Figure 1 from Schlaufman & Casey (2014)). Nevertheless,
due to the limiting magnitudes of the existing infrared pho-
tometry from WISE, and the quality cuts required for this
method to work, this technique is mostly suited for very
bright targets, and thus is mainly sensitive to local halo stars
(both Schlaufman & Casey 2014 and Casey & Schlaufman
2015 adopt a faint threshold of V = 14 for their sample).
Whenever large samples of stars are targeted at a cer-
tain phase in their stellar evolution, their relative bright-
ness will trace different distances and hence various envi-
ronments inside our Galaxy. Many of the most metal-poor
stars known have magnitudes brighter than V = 16, due to
the techniques with which they were discovered. Up until
the last decade, the main sources for extremely metal-poor
(EMP; [Fe/H] ≤ −3) stars, as well as a few ultra metal-
poor (UMP; [Fe/H] ≤ −4) stars, were through Ca H & K
objective-prism surveys such as the HK survey (with a mag-
nitude limit of B ∼ 15.5, Beers, Preston & Shectman 1985,
1992) and the Hamburg ESO survey (HES, with a magni-
tude limit of B ∼ 17−17.5, Christlieb, Wisotzki & Graßhoff
2002). In line with expectations, the fainter HES was more
successful in finding EMP and UMP stars because it reached
deeper into the metal-poor outer halo.
Although magnitude ranges often limit the distance
range probed, there are still significant differences in the
chemical properties of EMP stars and their present-day lo-
cation and kinematics in the Galaxy (Cayrel et al. 2004;
Frebel et al. 2006; Bonifacio et al. 2009; Carollo et al. 2010,
2012; An et al. 2013; Starkenburg et al. 2013; Sku´lado´ttir
et al. 2015). This dependence of chemical composition on
Galactic environment has been further emphasized by re-
cent studies in the bulge of the Galaxy, namely that EMP
stars in the halo are often enhanced in carbon, whereas EMP
stars in the bulge rarely exhibit carbon enhancement (Howes
et al. 2015, 2016; Koch et al. 2016; Lamb et al. 2017).
The need for large samples of EMP stars across vari-
ous environments and magnitude ranges has been somewhat
mitigated in recent years by large scale, blind spectroscopic
surveys. Some examples of these include the Sloan Digital
Sky Survey (SDSS, York et al. 2000), as well as its dedi-
cated constituent spectroscopic campaigns, the Sloan Exten-
sion for Galactic Understanding and Exploration (SEGUE,
Yanny et al. 2009; Ferna´ndez-Alvar et al. 2015, 2016),
and the Baryonic Oscillations Spectroscopic Survey (BOSS,
Eisenstein et al. 2011; Dawson et al. 2013) (for higher reso-
lution follow-up of metal-poor stars based on these samples,
see Caffau et al. 2013; Aoki et al. 2013; Allende Prieto et al.
2015a; Aguado et al. 2016). These large surveys have the
advantage that they probe deeper than the objective-prism
surveys, and can obtain large numbers of good quality spec-
tra. Nevertheless, the success rates for discovering metal-
poor stars in these surveys are naturally low because they
do not specifically target these stars, and EMP stars com-
pose a very small fraction of the total stellar content of the
Galaxy.
Several previous studies have described the approach of
targeted narrow-band photometry on the Ca ii H & K wave-
length region as a means of providing metallicity information
(e.g., Anthony-Twarog et al. 1991, 2000). One recent exam-
ple which has been particularly successful is the Skymapper
survey in the Southern Hemisphere (e.g., Keller et al. 2007),
which uses a v filter (wavelength coverage ∼ 3650 − 4000
A˚, Bessell et al. 2011) to photometrically pre-select metal-
poor star candidates for spectroscopic follow-up. Operating
on a similar concept, the Pristine survey uses a specially
designed filter (wavelength coverage ∼ 3900− 4000 A˚) that
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is even narrower and more targeted on the Ca ii H & K ab-
sorption lines. Although it covers less sky area compared
to Skymapper, the Pristine survey is better suited to effi-
ciently study fainter targets because it utilizes the 4m-class
Canada-France-Hawaii Telescope (CFHT), which provides a
large aperture and excellent image quality, and is located in
the Northern Hemisphere where SDSS broad-band photom-
etry is readily available.
In this work we use the first results of medium reso-
lution follow-up spectroscopy of 205 stars within the Pris-
tine survey to assess the performance of the survey’s pho-
tometric pre-selection. This sample consists of targets in
the magnitude range 14 < V < 18, and therefore repre-
sents only the brighter end of the full Pristine target sam-
ple. We use this sample to assess and improve the criteria
used for selecting follow-up candidates for spectroscopy. By
doing so, we pave the way to the successful follow-up of
even fainter targets, opening up the possibility of the Pris-
tine dataset to be used to efficiently select targets for large
multiplexing spectroscopic surveys in the near future, such
as the William Herschel Telescope Enhanced Area Veloc-
ity Explorer (WEAVE, Dalton et al. 2012, 2014, 2016), the
4-metre Multi-Object Spectroscopic Telescope (4MOST, de
Jong et al. 2016), the Subaru Prime Focus Spectrograph
(PFS, Takada et al. 2014), or the Maunakea Spectroscopic
Explorer (MSE, McConnachie et al. 2016). These survey ef-
forts are expected to probe more of the pristine environ-
ments in the outskirts of the Galactic halo; one of the regions
in the Galaxy expected to harbour possible first star envi-
ronments, as highlighted in recent analyses of cosmological
simulations (e.g., Starkenburg et al. 2017b).
The paper is organized as follows: In Sections 2 and 3 we
introduce the Pristine survey and its spectroscopic follow-
up programme. In Section 4, we summarize and discuss im-
provements to our candidate selection criteria, as well as
investigate whether infrared photometry and regularized re-
gression techniques can be used to further improve our re-
sults. In Section 5, we present the results of the medium res-
olution spectroscopic follow-up, in particular comparing the
predicted photometric metallicities from Pristine to spec-
troscopically determined metallicities. Finally, in Section 6
we discuss the current purity and success rates of our target
selection, compare them to expectations and other works,
and discuss projections and strategies for the continuation
of the Pristine survey. In this paper, we demonstrate that
the Pristine survey shows unparalleled efficiency for finding
the most metal-poor stellar populations of the Galaxy. This
is key for the eventual completion of two of the survey’s main
objectives, which include finding large numbers of EMP stars
to contribute to the characterization of the extremely metal-
poor tail of the metallicity distribution function, as well as
uncovering the exceedingly rare UMP stars.
2 THE PRISTINE SURVEY
For a full and detailed description of the Pristine survey we
refer the reader to Starkenburg et al. (2017a, the first Pris-
tine survey paper, hereafter referred to as Paper I). Here,
we recapitulate the essential elements of the survey.
The Pristine survey uses a narrow-band Ca ii H & K
filter (hereafter referred to as the CaHK filter) mounted on
MegaPrime/MegaCam at the Canada France Hawaii Tele-
scope (CFHT) on Mauna Kea in Hawaii. The filter was
specifically designed by members of the Pristine team to
cover the wavelength region of the singly ionized Ca ii H
& K lines, located at 3968.5 and 3933.7 A˚, respectively.
The narrow width of the filter reduces the influence of other
spectral features, such as the nearby CN molecular absorp-
tion bands at 3839 and 4142 A˚. MegaPrime/MegaCam fields
are ∼ 1 deg2, and with integrations of 100 seconds, a sig-
nal to noise (S/N) of 10 at a depth of g0 ∼ 21.0 can be
achieved (Paper I). As of September 2016 the sky coverage
was ∼ 1, 000 deg2, and data collection is ongoing with the
aim to cover at least ∼ 3, 000 deg2. The footprint of the sur-
vey targets the Galactic halo and intentionally spans a range
in Galactic latitude (30◦ < b < 78◦) to sample a diverse
range of halo environments. Observations are made in the
Northern Hemisphere, and overlap by design with regions of
sky previously observed photometrically by SDSS. Pristine
can therefore cross-match its targets with SDSS to obtain
ugriz broad-band photometry, which is useful for temper-
ature determination and point source identification, allow-
ing for the elimination of most objects that are not stars.
Another important advantage to the overlap with SDSS is
that there is a sample of several thousand stars distributed
over the Pristine footprint for which moderate resolution
(R ≈ 1800) spectra are already available from the SDSS
and SEGUE surveys. Thus, Pristine has a large sample of
spectroscopic metallicities which can be used to calibrate the
assignment of photometric metallicities, thereby greatly re-
ducing the amount of overhead and telescope time required
to make the survey operational.
Figure 1 depicts the parameter space used for assign-
ing photometric metallicities. The y-axis shows the colour
of the SDSS g-band minus the CaHK magnitude obtained
from the Pristine narrow-band filter. An extra combination
with the SDSS g and i or r magnitudes is added to stretch
the plot vertically and make it easier to see the metallic-
ity gradient. The x-axis displays the SDSS g − i or g − r
colours, which are proxies for stellar effective temperature.
Unless specified otherwise, all magnitudes from SDSS and
Pristine discussed in the text of the rest of this paper refer
to the deredened magnitudes (see Paper I for details on the
deredening procedure). Lines of constant metallicity are also
plotted, with orange, green, and blue representing [Fe/H] of
−1, −2, and −3, respectively. These lines were produced
using synthetic spectra models, generated with Model At-
mospheres in Radiative and Convective Scheme (MARCS,
Gustafsson et al. 2008) stellar atmospheres and the Tur-
bospectrum code (Alvarez & Plez 1998; Plez 2008). The
black dashed line shows the theoretical limit for stars with
no metal absorption lines present in their spectra (see Paper
I for details). Using information from both these synthetic
models and all stars with overlapping Pristine photometry
and SDSS/SEGUE spectra, this colour-colour space is di-
vided into different photometric metallicity bins. Pristine
stars are then assigned a metallicity depending on the bin
in which they fall, corresponding to their position in this
plot. This procedure is followed for both g − i and g − r
colours. The minimum metallicity that can be assigned is
−4.0, and any object that falls outside of the calibrated re-
gions (approximately the areas shown in Figure 1, up to 0.2
dex above the black dashed lines) receives a metallicity of
MNRAS 000, 000–000 (2017)
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Figure 1. The colour-colour space used to assign photometric metallicities for the Pristine sample. The left and right panels show the
calibrations for determining photometric metallicities using SDSS g − i and g − r colours, respectively. Stars that are included in the
spectroscopic follow-up sample presented in this paper are shown with large symbols. The coloured lines trace constant metallicities of
[Fe/H] = −1, −2, and −3, and the black dashed line represents the expected limit for stars that have no metal absorption lines in their
spectra. The small points are 10,000 randomly selected Pristine stars, to show the parameter space covered by the survey, and the yellow
stars are the 3 stars for which example spectra are shown in Figure 2. All symbols are coloured according to their derived photometric
metallicities (see text for details).
-99. In cases where reliable metallicities are derived for both
g − i and g − r, the g − i metallicity is preferentially used,
since the sample space spans a larger colour range than in
g − r, and therefore separates the sample more effectively
by metallicity over the same range in temperature. We find
that the photometric metallicity calibration has a standard
deviation of 0.2 dex when compared with the spectroscopic
metallicities from SDSS/SEGUE for the metallicity range
from [Fe/H] = −0.5 down to [Fe/H] = −3.0 (Paper I).
The small coloured points shown in Figure 1 are a ran-
dom selection of 10,000 Pristine stars coloured according to
their photometrically derived [Fe/H] values. Large hexagons
are the 205 stars from the medium resolution follow-up
sample used in this paper (see Section 3), also coloured
by their corresponding Pristine photometric metallicities.
These stars are almost all selected from the upper regions of
the plot between the [Fe/H] = −2 line, the [Fe/H] = −3 line,
and the black dashed (no-metals) line, which are the regions
expected to contain the most promising EMP star candi-
dates. The stars that lie significantly above the no-metals
lines – particularly in the g− r panel – are either stars that
were chosen before the full selection criteria described in
this paper were implemented, or are stars that have moved
in the plot as a result of improvements to the photometric
reduction pipeline and calibration.
3 SPECTROSCOPIC FOLLOW-UP
In conjunction with the photometric component of Pristine,
a spectroscopic follow-up programme has been observing the
most promising, bright (V < 18) metal-poor candidates on
2 − 4m class telescopes with medium- and high-resolution
spectrographs. In this paper, we focus on the homogeneous
follow-up sample of 205 candidate stars observed with the In-
termediate Dispersion Spectrograph (IDS) on the 2.5m Isaac
Newton Telescope (INT) over the period of March 18 - 27,
May 15 - 23, July 20 - 24, and September 2 - 6, 2016, and
with the Intermediate dispersion Spectrograph and Imag-
ing System (ISIS) on the 4.2m William Herschel Telescope
(WHT) over the period of May 1-2, and July 29-31, 2016
(Programs C71 and N5). Both telescopes are located at the
Roque de Los Muchachos Observatory in La Palma, Ca-
nary Islands. For the INT, the EEV10 CCD and the R900V
grating with a 1.0” slit width were used, resulting in a res-
olution of 3333 at 4500 A˚ over 2 pixels at the detector. For
the WHT, the R600b and R600R gratings were used, along
with the GG495 filter in the red arm. In conjunction with
the default dichroic (5300) and a 1.0” slit, the set-up pro-
vided a mean resolution of 2400 and 5200 in the blue and
red arms, respectively.
3.1 Data reduction and analysis
Spectra were reduced using the Image Reduction and Anal-
ysis Facility (IRAF, Tody 1986) software package. All basic
reduction steps were implemented, including: image prepro-
cessing (bias subtraction, flat fielding), spectrum extraction,
sky subtraction, wavelength calibration, and heliocentric ra-
dial velocity correction. Although fringing has been shown to
sometimes be a problem for the EEV10 CCD on the INT, the
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Figure 2. Sample spectra of three Pristine target stars with different metallicities but similar temperatures, as determined spectro-
scopically by FERRE. These stars are marked in the Pristine colour-colour space as yellow stars in Figure 1. The dotted red lines show
the wavelength region (limits at which the transmission falls below 50% of the maximum) for the CaHK filter, and demonstrate the
sensitivity of the filter to detecting changes in the strength of the Ca ii H & K lines.
amplitude is lower than 5 % when λ < 6500 A˚1. The spec-
tral range used for stars in our sample cover a wavelength
range of ∼ 3750− 5210 A˚, therefore, it was not necessary to
apply a fringing correction.
3.2 Spectral analysis
The spectra were analyzed using FERRE2 (Allende Prieto
et al. 2006). We provide here some basic information about
the analysis process, but for a detailed account we refer the
reader to (Aguado et al. 2017a,b). Both the observed and
synthetic spectra were normalized using a running-mean fil-
ter 30 pixels wide. The FERRE code fits the entire available
spectral region and searches for the atmospheric parame-
ters that best match the observed spectrum by interpolat-
ing within the grid. The grid of synthetic spectra used is
similar to the one described by Allende Prieto et al. (2014),
but with [C/Fe] as a free parameter (Allende Prieto et al.
2015b; Aguado et al. 2016, 2017a,b). This grid has four di-
mensions and limits of −6 < [Fe/H] < −2, 1 < log g < 5,
−1 < [C/Fe] < 5, and 4750K < Teff < 7000K.
To determine the uncertainties, the metallicities are re-
derived 50 times after injecting random noise, according to
the noise model provided by the data reduction pipeline,
1 http://www.ing.iac.es/astronomy/instruments/ids/ids_
eev10.html
2 FERRE is available from http://github.com/
callendeprieto/ferre
and a normal distribution for each instance. The standard
deviation of the resulting metallicity distribution is taken as
the metallicity uncertainty. Following Aguado et al. (2017b)
we add an additional 0.1 dex to the uncertainties to account
for other systematic effects.
Figure 2 illustrates some typical spectra obtained from
the INT, and the relevant wavelength region used for the
analysis, ∼ 3750− 5210 A˚. The three sample spectra shown
were specifically chosen to have similar temperatures, such
that the line absorption in the wavelength region targeted by
the narrow-band filter can easily be compared. Both the Ca ii
H (3968.5 A˚) and the Ca ii K (3933.7 A˚) lines are weaker
in more metal-poor stars of similar stellar parameters. In
relatively warm stars, such as those shown here, the Ca ii
H line remains somewhat stronger, since it is blended with
the H line (3970 A˚). Therefore, it is particularly the Ca ii
K line that is a good indicator of whether a star is deficient
in all metals, including calcium (e.g., Beers et al. 1999). We
note that at this resolution, we cannot typically resolve the
interstellar calcium lines form the Ca ii H & K lines. How-
ever, since any additional blended features only increase the
strength of the lines, this will result in stars appearing more
metal rich than they actually are, but not more metal-poor.
4 SELECTION CRITERIA
One of the main goals of this paper is to assess and im-
prove the selection of spectroscopic follow-up stars based on
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the photometric parameters. Throughout the spectroscopic
follow-up, we have developed a specific set of criteria to re-
move the most contaminants while keeping the completeness
as high as possible. These criteria are described in this sec-
tion.
4.1 SDSS photometry
SDSS was chosen as the principal survey to combine to Pris-
tine because of its large footprint in the Northern Hemi-
sphere and excellent quality of well-calibrated, deep broad-
band photometry. We evaluate the photometric information
in several of the SDSS broad-band filters combined with
the Pristine narrow-band information. The selection criteria
that we refined with the spectroscopic sample are described
below:
• Non-star contamination: Objects that are not stars may
exhibit strange spectral signatures that could make them ap-
pear to be metal-poor stars from our photometric selection.
We therefore identify and remove as many of these sources as
possible during the photometric reduction to minimize this
source of contamination. The photometry was reduced using
the Cambridge Astronomical Survey Unit pipeline (CASU,
Irwin & Lewis 2001), and modified to work specifically for
CFHT/MegaCam data (Ibata et al. 2014). Objects identi-
fied as being stars are flagged as such, and we impose that
requirement for objects to be considered for further follow-
up. In addition, when matching Pristine to SDSS, we only
consider sources labelled as stars, thereby providing another
means to remove non-point source objects.
• White dwarf contamination: Most white dwarfs have
very weak CaHK absorption features and therefore could
be mistaken for metal-poor stars with the Pristine narrow-
band filter. Stars at u− g magnitude < 0.6 are likely to be
white dwarfs, and are as such easily separated from most
main-sequence and giant stars (Lokhorst et al. 2016, Ibata
et al. 2017, subm.). We use this colour cut to remove white
dwarfs from the sample.
• Variability : Since the SDSS ugriz broad-band obser-
vations and the Pristine narrow-band CaHK observations
were taken several years apart, any variable objects could
show large variations in brightness between the two data
acquisitions, and therefore move significantly in the vertical
direction on the colour-colour plot shown in Figure 1. This
would result in the scattering of non-metal-poor stars into
the metal-poor regime and contaminate the sample of stars
selected for follow-up. In order to remove these variable ob-
jects, the Chi-square variability parameter measured from
Pan-STARRS1 photometry was used (Hernitschek et al.
2016), namely that the Pan-STARRS1 variability flag < 0.5.
It should be noted that this variability index is only sen-
sitive to brightness variations over the period of the Pan-
STARRS1 survey. Since this timescale is shorter than the
difference in time between the SDSS and Pristine obser-
vations, this flag will fail to remove variable objects with
periods longer than the Pan-STARRS1 survey. Thus, these
objects remain as a source of contamination, although the
total number of these in our sample is expected to be quite
small.
• Quality of SDSS i-, r-, and g-band photometry : We con-
sider SDSS photometric quality flags for saturation, blend-
ing, interpolation problems, objects too close to the edge of
the frame, or suspicious detections, in each of the g-, r- and
i-bands. Since our sample is crossmatched with SDSS and
metallicity determinations depend upon the g − i and g − r
colours, stars flagged in SDSS as having bad photometry
that affects both of these colours must be removed from the
sample. We therefore immediately remove all stars which
are flagged for bad photometry in the g-band. For the r-
and i-bands, we only remove a star if it is flagged as hav-
ing bad photometry in both bands, because if only one of
them is flagged, we may still be able to obtain a reliable
photometric metallicity from the other.
• Probability of a star to have [Fe/H] ≤ −2.5 in both g−r
and g− i: We choose specifically not to use computed uncer-
tainties in the metallicities because a Monte Carlo estimated
uncertainty probability distribution in metallicity space is
distinctly non-Gaussian in shape. Instead, we compute prob-
abilities to reflect the likelihood that a given star has an
[Fe/H]Pristine ≤ −2.5. To compute these, we take the un-
certainties in CaHK, g, and i or r photometry, and re-draw
these magnitudes in a Monte Carlo fashion for 104 instances.
For each re-draw, the Pristine photometric metallicity is cal-
culated from the fiducial CaHK, g, and i or r magnitudes.
The probability of a star to have [Fe/H]Pristine ≤ −2.5
is subsequently determined by the fraction of the draws
for which it gets assigned a photometric metallicity below
[Fe/H]Pristine = −2.5. This procedure is done for both the
g − i and g − r photometric metallicities. We discard any
star for which this probability is less than 0.25 for both g− i
and g − r.
• Photometric metallicity grid : If a star falls outside of
the parameter space for which the assignment of photometric
metallicities has a valid calibration, it is assigned a metal-
licity of −99. This is approximately the region contained
within Figure 1, up to 0.2 dex above the black dashed no-
metals line. If a star has a metallicity of −99 for both g − r
and g − i, it is not considered for follow-up. Similarly, if a
star is assigned a metallicity of −99 for only one of g − r or
g− i, it is removed from the sample if it also has a probabil-
ity ([Fe/H] ≤ −2.5) < 0.25, or bad photometry in the other
band.
• Colour range: The colour ranges over which Pristine
most successfully separates stars of different metallicities are
0.25 < g−i < 1.5 and 0.15 < g−r < 1.2. These colour ranges
correspond roughly to temperatures of 4200K < Teff <
6500K, covering the tip of the red giant branch and the
cooler main sequence, all the way to the main sequence turn-
off. For hotter stars, the different [Fe/H] populations exhibit
more overlap and thus assignment of a metallicity in this
regime suffers from larger uncertainty and is more suscep-
tible to contamination by more metal-rich stars. For cooler
stars, the main-sequence population at the [Fe/H] = −1 line
begins to turn upward and contaminate the more metal-poor
red giant regimes. Some stars that fall outside of these colour
ranges may still be assigned valid photometric metallicities
and may still be interesting targets, but these are followed-
up at a lower priority because these regions have a higher
contamination rate.
To summarize the selection criteria, a star is removed
from the sample if any of the following are true:
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Figure 3. Distribution of V magnitudes3 for Pristine stars
(green), and stars that have available WISE and 2MASS magni-
tudes and satisfy the quality cuts used in SC14 (blue). The black
dashed line shows the magnitude limit for the spectroscopic sam-
ple in this paper.
• P([Fe/H]g−r ≤ −2.5) < 0.25 and P([Fe/H]g−i ≤
−2.5) < 0.25 (1)
• g-band phot flag (2)
• point source flag (CASU flag) 6= −1 (3)
• r-band phot flag and P([Fe/H]g−i ≤ −2.5) < 0.25 (4)
• i-band phot flag and P([Fe/H]g−r ≤ −2.5) < 0.25 (5)
• [Fe/H]g−i = −99 and P([Fe/H]g−r ≤ −2.5) < 0.25 (6)
• [Fe/H]g−r = −99 and P([Fe/H]g−i ≤ −2.5) < 0.25 (7)
• [Fe/H]g−r = −99 and [Fe/H]g−i = −99 (8)
• i-band phot flag and r-band phot flag (9)
• u− g mag < 0.6 (10)
• variability > 0.5 (11)
4.2 Infrared magnitudes from WISE and 2MASS
A study conducted by Schlaufman & Casey (2014, hereafter
referred to as SC14) has shown that there is metallicity in-
formation contained in the infrared wavelength regions. In
their paper, they devise a set of novel selection criteria us-
ing the infrared broad-band filters of WISE and 2MASS to
select for metal-poor stars. The main selection power of this
method comes from the WISE W2 band, centred at 4.6 µ,
which contains molecular bands that are strongly metallicity
dependent. In this section, we investigate whether the addi-
tion of this infrared magnitude information could increase
the selection efficiency of Pristine.
We applied the selection criteria from SC14 to the Pris-
tine photometric sample with V < 18, and the analysis re-
vealed two significant limitations on its ability to improve
the Pristine selection. The first of these is that the WISE
and 2MASS magnitudes are only available for a subset of
3 V magnitudes are calculated using SDSS g and r magnitudes
according to the relation described in https://www.sdss3.org/
dr8/algorithms/sdssUBVRITransform.php (Lupton 2005)
the brightest stars in the Pristine sample. Figure 3 illus-
trates the overlap between the total Pristine SDSS-matched
sample and the stars for which WISE and 2MASS broad-
band information is available. To this sample, we have also
applied the quality cuts defined in SC14 (only the flag cri-
teria, but not the colour criteria; see their appendix), such
that it is a true representation of the subsample of Pristine
for which this analysis could be performed. When applied
to the brightest subset of this sample (V < 15), the WISE
and 2MASS selection criteria increased the relative number
of stars with [Fe/H] < -2.5 from 0.7% to 3.9%, where the
metallicities are those derived photometrically from Pris-
tine. In the 15 < V < 16 magnitude bin, the improve-
ment was less pronounced (from 0.7% to 1.7%), and for the
fainter magnitude samples (V > 16) this selection power
was completely lost. This is to be expected, as the uncer-
tainties in the WISE catalogue for these fainter magnitudes
quickly become larger than the range allowed by the selec-
tion criteria (e.g., −0.04 ≤W1−W2 ≤ 0.04). To account for
this, SC14 limit their sample to bright stars with V < 14.
SDSS photometry is limited to V & 14 (for a typical star
this corresponds roughly to a CaHK ∼ 15) due to satu-
ration, and because Pristine is matched with SDSS, it also
inherits this limit. In principle, Pristine can observe brighter
stars, down to a magnitude of CaHK ∼ 12, but for these
stars the narrow-band information must be used in conjunc-
tion with broad-band photometry with a brighter saturation
limit than SDSS. This has been successfully demonstrated
using APASS, in a recent paper by the Pristine collabora-
tion (Caffau et al. 2017). However, even for the bright sam-
ples where SC14 provides selection power, it removes a large
number of the stars of primary interest with [Fe/H] ≤ −2.5.
Therein lies the second major limitation of the SC14 selec-
tion criteria and its application to the Pristine sample, its
low completeness in the metal-poor regime.
For these reasons, we conclude that the WISE and
2MASS selection criteria as implemented by SC14 are quite
limited in their application to the Pristine sample, and we
therefore do not include them in our selection criteria. How-
ever, if a large sample of bright, moderately metal-poor can-
didates are indifferentiable by the Pristine selection criteria
and follow-up telescope time is limited such that they can
not all be observed, then the WISE and 2MASS selection
criteria may be useful as a final means to prioritize the sam-
ple.
4.3 Applying a regularized regression technique
We applied a regularized regression technique, namely Lasso
LARS (Tibshirani 1996; Efron et al. 2004), to further assess
the need to add other photometric data to predict [Fe/H]
metallicities. Such a technique can tell us the leverage of any
photometric colour or flux, thereby giving us an independent
– and unbiased – view on the most valuable photometric in-
formation. It defines a model from a polynomial combination
of all the photometric inputs, which also includes colours and
cross-terms between the different bands. While doing so, the
regularization in this method additionally acts to prefer so-
lutions with fewer parameter values. Such a complete model
allows us to effectively explore the importance of various
datasets, such as WISE, 2MASS, Spitzer, and SDSS.
During this procedure, we found the u− g colour to be
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Figure 4. Photometric metallicities for both g − i and g − r plotted against spectroscopic metallicity. The data points are labelled as
follows: stars that pass the selection criteria (blue large circles), stars that do not pass the selection (red smaller circles), stars with bad
photometry in i for the left panel and r for the right panel (marked with an x), and stars that are above the theoretical no-metals line
in Figure 1 (circled in green). Data points that fall outside of the plotted region are forced to the border of the plot and marked with
arrows showing their true positions.
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Figure 5. The same colour-colour space as in Figure 1, but with stars that have been selected for spectroscopic follow-up coloured
according to their spectroscopic [Fe/H]FERRE. The coloured lines trace along constant metallicities and the black dashed line is the
expected limit of stars that have no metal absorption lines in their spectra. The grey points are 10,000 randomly selected Pristine stars,
to show the parameter space covered by the survey. Data points circled in red represent the stars that are removed from the sample by
the selection criteria, many of which are contaminants with [Fe/H]FERRE ≥ −2. These stars circled in red are listed at the bottom of
Table 1.
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efficient in flagging peculiar objects that could contaminate
our sample, which corresponds to our usage of this colour
to select out white dwarf contaminants. We also confirmed
that adding infrared data such as Spitzer or WISE photom-
etry does not contain significantly independent information
from our initial SDSS ugriz + CaHK dataset. Indeed, the
metallicity information seems to be mostly contained in the
CaHK− g, and g− i colour combinations, with extra infor-
mation in the SDSS u− and r−bands.
At this stage of the Pristine survey, our training set
(i.e., the cleaned photometric sample and the SDSS/SEGUE
metallicities) does not contain many stars with [Fe/H] ≤
−2.5. Therefore, it may be fruitful to repeat this analysis
once a larger training set becomes available after additional
follow-up spectroscopy.
Taken together, the analysis of the infrared information
contained in WISE and 2MASS and an analysis using regu-
larized regression did not result in any changes to the selec-
tion criteria described at the end of Section 4.1. We therefore
proceed with this list of selection criteria to choose stars for
future follow-up spectroscopy.
5 SPECTROSCOPIC RESULTS
Figure 4 shows the photometrically predicted [Fe/H] with
Pristine for both g − i and g − r and the spectroscopically
determined [Fe/H] with FERRE for all of the stars followed
up at the INT and WHT. In the following discussion of the
results, we use the terms Pristine metallicities and photo-
metric metallicities synonymously to refer to the metallicity
values derived from the narrow-band photometric Pristine
+ SDSS ugriz data, and the terms FERRE metallicities
and spectroscopic metallicities to refer to the metallicities
derived from analysis of the spectra with FERRE. Only
spectra of sufficient quality to be reliably analyzed with
FERRE (this was decided visually by the authors, but ap-
proximately follows a cut of S/N = 10) are included in the
sample, which totals 205 stars. The blue large circles rep-
resent the 149 stars which pass all of the selection criteria
summarized in the list at the end of Section 4.1, and the red
smaller circles are removed on the basis of at least one of the
selection criteria. In both panels, the Pristine metallicities
are skewed toward the metal-poor end when compared to
FERRE. This reflects two characteristics of the sample: 1)
stars predicted by photometry to be more metal-poor were
preferentially selected for spectroscopic follow-up and 2) be-
cause of the shape of the metallicity distribution function,
there will be more stars at higher metallicities that will scat-
ter into our photometrically selected sample than the other
way around. As a check, we looked to see if there was a cor-
relation between [Fe/H]Pristine and the computed probabil-
ities of having [Fe/H]Pristine ≤ −2.5. Indeed, these showed
a tight anti-correlation, which was the expected behaviour,
given that the current sample is relatively bright and has
small photometric uncertainties.
All objects in Figure 4 at [Fe/H]FERRE = −2.0 should
be interpreted as having [Fe/H] ≥ −2.0, since the spec-
tral grid used for this analysis was specifically optimized
for metal-poor stars and only assigned metallicities in the
range −6 ≤ [Fe/H] ≤ −2. Future work will extend the
grid of synthetic spectra to higher metallicities to determine
metallicity values for these more metal-rich stars, but for
the purposes of this work it is sufficient just to classify them
as contaminants. Points marked with an X are flagged with
bad photometry in either the i- or r- bands, and points cir-
cled in green fall above the no-metals line in Figure 1. In
both the g − i and g − r panels, most of the stars that
fall above the no-metals line are contaminants located at
[Fe/H]FERRE ≥ −2. However, a few of the stars that do re-
main are some of the most metal-poor in the sample, and
therefore removing stars based solely on this criteria may
be detrimental as it could potentially remove the very rare
UMP stars that we are searching for. Dealing with the stars
above this line is therefore a matter of completeness versus
purity, and given that finding a large number of EMP stars
and finding the extremely rare UMP stars are both major
objectives of this survey, a choice needs to be made. With
the current, small sample of stars that fall in this regime,
it is difficult to make a quantitatively driven decision about
this matter. Fortunately, many of the stars that fall above
the no-metals line are already removed by other selection
criteria. We therefore decide not to eliminate the stars that
fall above the no-metals line from the sample, in order to
mitigate the risk of missing potential UMP stars, but at the
cost of a slightly increased contamination rate.
Figure 5 shows the same colour-colour space as Fig-
ure 1, but with the spectroscopic sample coloured by their
FERRE metallicities, with stars that do not meet the se-
lection criteria highlighted in red. Again, stars with a light
green colour corresponding to [Fe/H]FERRE = −2.0 actually
have [Fe/H] ≥ −2.0 and are contaminants. Many of these are
successfully removed with the implementation of the selec-
tion criteria. Finally, Table 1 tabulates the photometric and
spectroscopic metallicities for all of the stars in the sample.
The stars that do not pass all the selection criteria are listed
last, with the rightmost column showing exactly which se-
lection criteria they failed to meet. This table also provides
the uncertainties for the spectroscopic metallicities. In this
paper, we report and use only the [Fe/H] values of this sam-
ple in order to assess the follow-up success of Pristine. The
full sample, as well as determinations of stellar parameters
and other abundances are presented in a companion paper
(Aguado et al., in prep.).
It is clear from Table 1, Figure 4, and Figure 5 that there
is still some useful information in the Pristine photometry,
even at these low metallicities of [Fe/H] ≤ −2.5. In Figure
4, although there is a scatter around the one-to-one line,
the lowest metallicity stars from their spectroscopic metal-
licities also typically have a lower photometric metallicity
determination.
6 DISCUSSION
6.1 Purity and success rates of the selection
The current spectroscopic sample can be divided into three
groups: a total sample of all 205 stars that were observed, a
subsample of the 149 stars that pass all of the selection cri-
teria, and a subsample of the 46 stars with [Fe/H]Pristine ≤
−3.0, which represents the best candidates (all stars below
the black-dotted line in the left panel of Figure 4). Ta-
ble 2 presents the numbers of stars in various photomet-
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Table 1. Metallicities of Pristine stars from photometry and spectroscopy. Column CaHK is the magnitude obtained from the Pristine
narrow-band filter, columns [Fe/H]g−i and [Fe/H]g−r are the photometric metallicities determined using the g − i and g − r colours,
respectively. Each is followed by the corresponding derived probability that this metallicity is ≤ −2.5. The next two columns are the
spectroscopic metallicities derived form FERRE and their associated uncertainties. Column S/N is the signal to noise ratio of the analyzed
spectrum, and column Inst. indicates the instrument used for the observations: either INT/IDS or WHT/ISIS. The last column shows
which selection criteria a given star did not pass, and the flags are encoded according to the numbers assigned in the summary list of
selection criteria in Section 4. We include here only 10 of the 205 stars observed, to show the form of the table. The full table is available
online, along with a supplementary table which gives the SDSS coordinates and magnitudes for each of the stars in the sample.
Name CaHK (±) [Fe/H] prob [Fe/H] prob [Fe/H] (±) S/N Inst. Flags
g-i [Fe/H] g-r [Fe/H] FERRE
g-i g-r
< −2.5 < −2.5
Pristine 183.5424+13.6790 15.42 0.02 -3.0 0.98 -3.0 0.99 ≥ −2.0 0.2 24 IDS -
Pristine 184.7471+10.6008 15.97 0.02 -3.4 1.00 -3.5 1.00 ≥ −2.0 - 27 IDS -
Pristine 185.0736+15.1006 15.84 0.02 -2.8 0.97 -2.8 0.97 -2.4 0.2 27 IDS -
Pristine 185.6263+06.1900 15.46 0.02 -3.3 1.00 -3.2 1.00 -2.9 0.2 31 IDS -
Pristine 186.5993+15.0468 15.49 0.02 -2.5 0.57 -2.6 0.63 -2.4 0.3 27 IDS -
Pristine 245.1095+08.8947 14.94 0.02 -2.8 0.96 -99 -0.01 -2.1 0.2 15 IDS 2,5
Pristine 237.5278+12.2989 16.18 0.02 -3.0 1.00 -0.0 0.00 ≥ −2.0 - 10 IDS 3,5
Pristine 240.8957+08.4476 16.93 0.02 -3.5 1.00 -99 -0.01 ≥ −2.0 - 32 ISIS 3,5
Pristine 182.5908+06.1748 17.28 0.02 -99 -0.01 -99 -0.01 -2.9 0.3 16 IDS 1,3,6,7,8
Pristine 230.9962+07.4789 15.66 0.02 -99 -0.01 -99 -0.01 ≥ −2.0 - 43 IDS 1,3,6,7,8
ric and spectroscopic metallicity bins for these three sam-
ples. Firstly, it shows the number of stars in each sample
that were predicted by Pristine photometric metallicities
to have [Fe/H] ≤ −2.5 or ≤ −3.0, respectively. In addi-
tion, it provides the same numbers according to the spec-
troscopic [Fe/H]FERRE, and the success rates, which we de-
fine as the fraction of stars predicted to be below a certain
[Fe/H]Pristine that were actually found to have [Fe/H]FERRE
below that value. The selection criteria (as defined in Sec-
tion 4) increase the relative fraction of metal-poor stars in
all cases, and eliminate a large number of contaminants with
[Fe/H]FERRE ≥ −2, as compared to the total sample. The
[Fe/H]Pristine ≤ −3.0 sample increases the the relative frac-
tions even more, but concedes a higher contamination rate
than the sample which passes the selection criteria.
Figure 6 shows the FERRE metallicity distribution for
the sample that satisfies the selection criteria. To visualize
the success of the selection based on photometry, we plot in
blue the metallicity distribution of the [Fe/H]Pristine ≤ −3.0
sample. The percentage of stars that fall in each region are
shown, namely that 22% of these stars still end up below
[Fe/H] ≤ −3.0, 50% fall between −3.0 < [Fe/H] ≤ −2.5,
and 15% are contaminants with [Fe/H] ≥ −2.0.
Over the Pristine footprint, covering ∼ 1000 deg2 as of
September 2016, we have photometrically identified 10 243
metal-poor star candidates with V < 18 that pass all of the
selection criteria laid out in Section 4. The Pristine survey
does go deeper than this (V ∼ 20), but this is the magnitude
range accessible with 2 − 4m class telescopes. The selected
sample constitutes 1.3% of all of the stars in the survey
present in this magnitude range, and more than half of these
have a predicted photometric metallicity [Fe/H]Pristine ≤
−2.5. Table 3 summarizes the number of candidate stars
split into magnitude ranges, where the first number given
for each entry is the number of stars followed up and the
second is the number of candidates in the full sample.
Although the success rates reported in this paper are
Figure 6. The FERRE metallicity distribution for the selected
sample of 149 stars that pass the selection criteria (green),
and the metallicity distribution of the 46 stars that have a
[Fe/H]Pristine ≤ −3.0 (blue). The percentages show the frac-
tion of stars from the [Fe/H]Pristine ≤ −3.0 sample that are
contained in the given metallicity ranges.
based on a small sample of stars, we can still estimate the
number of stars with [Fe/H] ≤ −3.0 that we would expect
to find in the entire V < 18 sample. However, since we have
selected the best candidates available first, (i.e., we have ob-
served a higher fraction of stars with [Fe/H]Pristine ≤ −3.0),
we cannot directly scale the number of EMP stars found
in our 205 star sub-sample to the number expected for the
full sample. We therefore separate the sample into ranges
of photometric metallicities, compute the relative fraction
of EMP stars recovered in each metallicity range, and then
scale these numbers to the total candidate sample. This cal-
culation yields an expected number of ∼ 1000− 1200 EMP
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Table 2. Numbers of stars with photometric predictions [Fe/H]Pristine below −2.5 and −3.0, the numbers of stars that are spectro-
scopically confirmed below those metallicities, and the success rates, given for the full spectroscopic sample, the sample after application
of the selection criteria (described in Section 4), and the sample of stars with [Fe/H]Pristine ≤ −3.0.
Total observed Selection criteria [Fe/H]Pristine ≤ −3.0
Total number 205 149 46
[Fe/H]Pristine ≤ −2.5 163/205 (80%) 130/149 (87%) 46/46 (100%)
[Fe/H]Pristine ≤ −3.0 73/205 (36%) 46/149 (31%) 46/46 (100%)
[Fe/H]FERRE ≤ −2.5 119/205 (58%) 98/149 (66%) 33/46 (72%)
[Fe/H]FERRE ≤ −3.0 27/205 (13%) 25/149 (17%) 10/46 (22%)
[Fe/H]FERRE ≥ −2.0 42/205 (20%) 11/149 (7%) 7/46 (15%)
success [Fe/H] ≤ −2.5 101/163 (62%) 91/130 (70%) -
success [Fe/H] ≤ −3.0 12/73 (16%) 10/46 (22%) 10/46 (22%)
Table 3. Number of candidate stars in different magnitude bins
and metallicity ranges. The first number in each cell is the number
of stars followed up with spectroscopy from the sample in this
paper, and the second is the total number of candidates as of
September 2016 over the ∼ 1000 deg2 Pristine survey footprint.
[Fe/H] values shown are photometric Pristine g − i metallicities.
# Candidates [Fe/H]≤-2.5 [Fe/H]≤-3.0
V < 15 47/213 30/166 13/48
15 < V < 16 114/797 91/554 33/92
16 < V < 17 29/2 388 28/1 549 17/242
17 < V < 18 15/6 845 14/4 354 10/674
Total 205/10 243 163/6 623 73/1 056
stars over the ∼ 1000 deg2 Pristine footprint (the final num-
ber is somewhat dependant on the bin size chosen for the
metallicity ranges). Considering all observed stars, we there-
fore estimate a frequency of ∼ 1/800 (1.25%) for stars to
have a metallicity of [Fe/H] ≤ −3.0 for 14 < V < 18 in the
Galactic halo.
Based on the Besanc¸on Model of stellar population syn-
thesis of the Galaxy (Robin et al. 2003) – for a similar sky
region to the Pristine footprint and a magnitude range of
14 < V < 18 – we expect a frequency of 1/2000 (0.05%)
for randomly selected halo stars to have [Fe/H] ≤ −3.0. It
should be noted that this is only a first order approxima-
tion, as the model relies on several assumptions about the
metal-poor tail of the halo metallically distribution func-
tion. It should also be noted that our projections have been
made based on a small sample of stars that preferentially
occupy the brighter part of this magnitude range. However,
as a coarse comparison, frequencies of expected EMP stars
from simulated galaxy model predictions are in reasonable
agreement with our observations.
Table 4 summarizes the comparisons of the relative re-
turn for HES, SC14 and Pristine. Other efforts have yielded
similar or lower return rates as HES and SC14 (e.g., Allende
Prieto et al. 2000).
?
These percentages are computed from the scaled sample pre-
sented in Table 3 of Scho¨rck et al. (2009).
Table 4. The relative fractions of metal-poor stars in Pristine
compared to other surveys.
Survey [Fe/H] <-3 [Fe/H] <-2.5 -3 <[Fe/H] <-2
Pristine 17% 66% 76%
HES 4% 22%
?
40%
?
SC14 3.8% - 32%
6.2 Comparison to other surveys
In order to compare these results to other surveys, we use
the relative fractions of metal-poor stars from the selected
sample of 149 stars. Although the success rates are a more
telling quantification of the capabilities of Pristine for find-
ing EMP stars, it is more appropriate to use the relative
fractions for a quantitative comparison to other works. This
is because the Pristine survey has the advantage over other
metal-poor star searches that it can quantify the metallic-
ity of its candidates, and select for example candidates with
[Fe/H]Pristine ≤ −3.0, instead of labelling objects in a bi-
nary fashion as EMP candidates or not.
SC14 report that 3.8+1.3−1.1% of their candidate stars have
an [Fe/H] . −3.0, and 32+3.0−2.9% have −3.0 . [Fe/H] . −2.0,
from high resolution follow-up of their selection with WISE
and 2MASS magnitudes. Although we report significantly
higher rates of 17% and 76%, respectively, it should be
taken into consideration that they are using publicly avail-
able survey data and are specifically targeting bright stars,
so they enjoy the advantage of large sky coverage and ease
of spectroscopic follow-up. They also use near infrared mag-
nitudes, which offers the advantage of being able to probe
the crowded regions of the disk in the direction of the bulge
(Casey & Schlaufman 2015), although they are limited in
the distance they can reach due to the bright nature of their
sample.
The stellar content and metallicity distributions of HES
are presented in Scho¨rck et al. (2009). In that paper, they
report a fraction of stars with [Fe/H] ≤ −3.0 of 7% for
their best-selected sample, and 3−4% for the other samples.
Their best-selected sample totals 105 out of 1 638 stars, and
constitutes only 6.4% of their total accepted follow-up sam-
ple. This sample can be compared to the 22% success rate
of the best Pristine sample, stars with an assigned photo-
metric metallicity of [Fe/H] ≤ −3.0. Taking the entire HES
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sample as a whole then yields 65 out of 1 638 stars with
[Fe/H] ≤ −3.0, a fraction of 4%, and this can be compared
to the relative fraction from the whole Pristine sample of
17%.
6.3 Future follow-up strategy
Scho¨rck et al. (2009) report that for the bias-corrected
HES metallicity distribution function, around 1-3% of all
[Fe/H] ≤ −3.0 stars had a metallicity [Fe/H] ≤ −4.0.
Allende Prieto et al. (2014) report similar numbers for
SDSS/BOSS, with 1 star at [Fe/H] ≤ −4.0 out of 118 at
[Fe/H] ≤ −3.0 (see their Table 2).
We can use these statistics to make projections of how
many UMP stars we expect to find. Taking a conservative
estimate, we expect one star with [Fe/H] ≤ −4.0 for every
∼ 100 stars with [Fe/H] ≤ −3.0. We therefore predict that
we will find ∼ 10 − 12 UMP stars over the ∼ 1000 deg2
footprint in the magnitude range V < 18, given that we
will uncover a projected ∼ 1000− 1200 stars with [Fe/H] ≤
−3.0. Furthermore, it is not surprising that we have not yet
found any UMP stars in our current sample of 205 stars
(27 with [Fe/H] ≤ −3.0). This sample is still quite small
when compared to other surveys that have successfully found
UMP stars, such as SDSS (with SEGUE and BOSS), and
HES, which have both followed up many thousands of stars
with low-resolution spectroscopy.
Projecting forward into the future, with a larger foot-
print of ∼ 3000 deg2, we expect to find a statistical sample
of several tens of these stars. Furthermore, if we can follow-
up the fainter magnitude range of Pristine (18 < V < 20),
this not only would provide many more candidates, but also
probe deeper into the halo and potentially result in the dis-
covery of many more UMP stars.
Given the availability of time on 2−4m class telescopes,
it may be possible for our team to obtain a complete follow-
up sample for the brighter magnitude ranges of our candi-
date sample, up to V < 16. For the magnitude ranges fainter
than this, there are too many candidates to feasibly follow
up with single slit spectrographs. However, this task would
be well-suited to the upcoming new generations of multi-
object spectrographs, such as WEAVE, 4MOST, PFS, and
MSE.
7 CONCLUSIONS
Through an analysis of the first medium resolution spec-
troscopic sample from the follow-up programme of Pristine,
we have demonstrated that the narrow-band survey is very
efficient at uncovering EMP stars in the Galactic halo. We
used this sample to assess and refine the selection criteria for
selecting photometric candidates for spectroscopic follow-
up. This included investigating whether infrared magnitudes
from WISE and 2MASS could improve the selection effi-
ciency, as was done by Schlaufman & Casey (2014), but this
added information was only useful for the brightest Pristine
stars (V < 15) and even then resulted in low completeness
in the metal-poor regime of [Fe/H] ≤ −2.5. Analyzing the
selection criteria with a regularized regression technique, we
confirmed that the u, g, r, i, and CaHK magnitudes con-
tain the most useful information for separating the sample
by metallicity.
The total spectroscopic sample consisted of 205 stars,
of which 27 were found to have [Fe/H] ≤ −3.0 and 119
were found to have [Fe/H] ≤ −2.5. This sample was reduced
to 149 stars by the refined photometric selection criteria,
of which 25 had [Fe/H] ≤ −3.0 (17%) and 98 were found
to have [Fe/H] ≤ −2.5 (66%). This return rate for finding
EMP stars is unprecedented, with other surveys typically
reporting values of 3-4%. For stars predicted by Pristine to
be EMP with [Fe/H] ≤ −3.0, we report a success rate of
22% for confirming them as EMP, and for stars predicted to
have a metallicity of [Fe/H] ≤ −2.5 we report a success rate
of 70%.
The Pristine survey is ongoing, both with increasing sky
coverage of the photometric footprint with CFHT/Megacam
and with its spectroscopic follow-up campaign. Based on our
statistics, we expect to uncover ∼ 1000 − 1200 stars with
[Fe/H] ≤ −3.0 and ∼ 10− 12 stars with [Fe/H] ≤ −4.0 per
1000 deg2 of survey area. In the future, we hope to expand
our spectroscopic follow-up towards fainter magnitudes with
the next generation of multi-object spectrographs.
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